Human monocytic ehrlichiosis (HME) is a zoonotic emerging tick-borne disease with clinical signs that range from mild symptoms to multiple organ failure and death. Ehrlichia chaffeensis, the aetiologic agent of HME, is reported to infect a divergent range of mammals. Although cattle are common hosts of the primary vector of this pathogen, the susceptibility of this host to E. chaffeensis has not been reported to date. This study was undertaken to determine if cattle could provide a useful infection model of E. chaffeensis. Dairy calves were injected with DH82 cells infected with the Arkansas, St Vincent or 91HE17 strain of E. chaffeensis, and monitored for signs of clinical ehrlichiosis and for infection of peripheral blood and ticks by PCR assay. Splenectomized and spleen-intact calves were injected with cryopreserved stabilates of E. chaffeensis-infected DH82 cells for the first experiment. Mild clinical signs were occasionally observed among these calves, and only two blood samples were PCR-positive, while several ticks fed on each calf tested PCR-positive. The second experiment involved injection of normal calves with active cultures of the same E. chaffeensis strains. Interestingly, three of six calves inoculated with active cultures became recumbent and died or had to be euthanized. All of the surviving calves in this experiment tested PCR-positive on multiple dates, but fewer ticks fed on these calves were PCR-positive. These results suggest that a bovine disease model could facilitate the understanding of factors that affect the severity of HME.
INTRODUCTION
Ehrlichia chaffeensis is an obligate intracellular bacterial parasite and is the aetiologic agent of human monocytic ehrlichiosis (HME), an important emerging tick-borne infectious disease. Clinical outcomes associated with this disease range from asymptomatic to severe and even fatal (Eng et al., 1990b; Everett et al., 1994; Fishbein et al., 1994) . E. chaffeensis appears to cause unapparent or mild clinical manifestations in non-primate hosts and this, together with challenges in detecting the pathogen, makes the experimental characterization of E. chaffeensis transmission and pathogenesis difficult. A reliable E. chaffeensis-based animal model of HME would facilitate the understanding of the transmission, pathology and immunology of this malady (Dawson & Ewing, 1992; Dawson et al., 1994; Ewing et al., 1995; Unver et al., 2002; Zhang et al., 2003; Dugan et al., 2004; Loftis et al., 2004) .
A wide range of mammals are reported to be naturally infected with E. chaffeensis, including white-tailed deer Ewing et al., 1995; Davidson et al., 2001; Varela et al., 2003) , domestic goats (Dugan et al., 2000) , domestic and wild canids (Dawson et al., 1996; Davidson et al., 1999) , and lemurs (Williams et al., 2002) . Cattle are domestic hosts of the ticks Amblyomma americanum (Barnard, 1988; Kollars et al., 2000) and Dermacentor variabilis (Bishopp & Tremblet, 1945; Smith et al., 1946; Lancaster, 1973) ; both A. americanum and D. variabilis are reportedly infected with E. chaffeensis in nature (Eng et al., 1990a; Anderson et al., 1993; Ewing et al., 1995; Roland et al., 1998; Kramer et al., 1999) , and thus cattle are likely to be exposed to E. chaffeensis under natural conditions. Despite investigations that suggest that E. chaffeensis and A. americanum are both adapted to a variety of mammals, and the potential importance of bovine host infection from epidemiological, economic and experimental standpoints, the susceptibility of cattle to infection with E. chaffeensis has not been reported to date. We investigated this susceptibility by inoculating dairy calves with DH82 cells infected with the Arkansas, St Vincent or 91HE17 strain of E. chaffeensis. In the first experiment, splenectomized and spleen-intact calves were injected with thawed stabilates of E. chaffeensis-infected DH82 cells. In the second experiment, spleen-intact calves were injected with active cultures of DH82 cells infected with the same E. chaffeensis strains. Calves in both experiments were monitored for signs of infection with E. chaffeensis, including xenodiagnosis by assay of A. americanum and D. variabilis ticks allowed to feed as nymphs on the inoculated calves.
METHODS
E. chaffeensis. Arkansas, St Vincent and 91HE17 isolates were cultivated in a DH82 cell line, as previously reported (Rikihisa et al., 1991 (Rikihisa et al., , 1994 Wen et al., 1997) . Dr David Walker of the University of Texas Medical Branch at Galveston graciously provided the 91HE17 isolate. The Arkansas isolate was supplied from within the Ohio State University Department of Veterinary Biosciences. The E. chaffeensis St Vincent isolate (ATCC no. VR-1454) was purchased from the ATCC.
For the first experiment, the three isolates were prepared so that the relative number of organisms could be standardized for each inoculum. Real-time PCR was adapted from a previously reported PCR assay to determine relative p28 copy numbers for the cryopreserved E. chaffeensis-infected DH82 cell stabilates (Wagner et al., 2004) . This assay is specific for a single omp-1 paralogue; therefore, a single copy of the target amplicon was expected for each genome. The p28 amplicon was cloned into the pCR2.1-TOPO TA vector (Invitrogen) according to the manufacturer's instructions, and these plasmids were used for standardization of organism numbers in the different strain stabilates. Stabilate aliquots were overlaid with mineral oil and heated to 105 uC for 15 min, cooled on ice for .1 min and assayed at 1610 0 , 10 21 and 10 22 dilutions. Quantitative real-time PCR was performed with the iQ SYBR Green Supermix (Bio-Rad) and an iCycler (Bio-Rad) at the Ohio State University Plant Microbe Genome Facility. Reaction profiles consisted of an activation step at 95 uC for 15 min, followed by 40 cycles of 94 uC (1 min), 60 uC (1 min) and 72 uC (1 min) for denaturation, annealing and extension steps, respectively. Standard curves were used to calculate p28 copy numbers for each isolate, which were then adjusted to 1.5610 8 copies in the context of 5610 6 DH82 host cells per inoculum.
For the second experiment, active cultures of each strain were harvested and pooled, and DH82 cells were counted on a haemocytometer, while the percentages of infected DH82 cells were calculated with stained cytospin preparations. Each inoculum was adjusted to 2.0610 7 DH82 cells, 80 % of which contained E. chaffeensis morulae, except for the negative control doses that consisted of 2.0610 7 non-infected DH82 cells. Analysis of clinical data. Body temperatures and complete blood counts were recorded for a minimum of 2 weeks prior to inoculation. These baseline data were used to transform quantitative clinical parameters into Z scores by subtraction of the baseline mean value for each calf from each post-inoculation observation and division of this difference by the respective baseline SD. Z scores for each observation and parameter were plotted together for each host.
Xenodiagnosis. A. americanum and D. variabilis nymphs were purchased from the Oklahoma State University Medical Entomology Laboratory. Nymphs of each species were fed to repletion on each calf, as described elsewhere (Stich et al., 1989) . These ticks were placed on the calves at 31 (experiment 1) and 28 (experiment 2) days postinoculation (d.p.i.) with E. chaffeensis. Replete nymphs were held in an environmental chamber (room temperature, 95-100 % relative humidity, 12 : 12 h light : dark photoperiod) and DNA was isolated after they moulted into the adult stage.
PCR assay. Bovine blood was collected with EDTA, and buffy coats were isolated after centrifugation at 910 g for 30 min. Residual erythrocytes were lysed with two volumes of TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), followed by centrifugation at 14 000 g for 5 min and resuspension in TE for a total of three washes. The final cell suspension was in 500 ml protein digestion buffer (100 mM Tris, pH 8.0, 1 mM EDTA, 2 % SDS, 0.1 mg proteinase K ml 21 ), which was then incubated overnight at 55 uC. Digests were extracted once each with equal volumes of buffer-saturated phenol (pH .7.5) (Invitrogen Life Technologies), phenol/chloroform/isoamyl alcohol (25 : 24 : 1), and chloroform/isoamyl alcohol (24 : 1). DNA was precipitated with 0.1 volume of 3 M sodium acetate and 2.5 volumes of absolute ethanol. The DNA samples were centrifuged at 14 000 g for 15 min at 4 uC, dried in a vacuum centrifuge, and dissolved in 50 ml TE.
Ticks were prepared for DNA isolation by incubation for 80 h at 37 uC in 95-100 % relative humidity, bisected along the median plane under aseptic conditions, and digested for 3 h at 55 uC in 100 ml protein digestion buffer. These digests were subjected to protein extraction and DNA precipitation as described for buffy coat samples, and dissolved in 25 ml TE.
A 16S rDNA-based real-time PCR assay with a fluorogenic probe was used to assay buffy coats and ticks, as described elsewhere (Loftis et al., 2003) , except that ABsolute QPCR mix (ABgene) and a Taqmanbased black hole quencher (BHQ) probe (Biosearch) were utilized with an ABI 7300 thermocycler (ABI).
IFA. E. chaffeensis-infected DH82 cells (Arkansas strain) were concentrated to 1.0610 6 cells ml 21 in PBS, placed on Teflon-coated slides (10 ml per well) (Electron Microscopy Sciences), and allowed to air-dry overnight. Dried slides were placed in ice-cold methanol for 5 min and stored at 220 uC. Plasma was diluted 1 : 20 for initial screenings, and 10 ml per well of each diluted plasma sample was incubated at 37 uC for 30 min before rinsing with PBS. The slides were incubated at 37 uC for 30 min with 10 ml of FITC-conjugated goat anti-bovine IgG 1,2 polyclonal antiserum (VMRD) and rinsed with PBS, then mounted with ProLong Antifade reagent (Molecular Probes), according to the manufacturer's instructions. An Olympus BX51 fluorescence microscope with filter cube #11001v2 (Chroma Technology) was used to view the slides. Titres were determined for samples that tested IFA-positive during the initial screening.
RESULTS AND DISCUSSION

Inoculation of calves with cryopreserved E. chaffeensis
Several factors were considered prior to attempting experimental infection of calves with E. chaffeensis. First, host specificities of different E. chaffeensis strains were uncertain. For example, although there is evidence that goats can be naturally infected with E. chaffeensis, attempted experimental infections of this host species with E. chaffeensis isolated from a human being (Arkansas) and a white-tailed deer (15B-WTD-GA) have been unsuccessful (Dugan et al., 2000 (Dugan et al., , 2004 . An E. chaffeensis strain isolated from cattle was not available; therefore, we used three different strains isolated from human beings to inoculate calves. Several E. chaffeensis strains have been isolated from human beings, and fall into at least three major genogroups based on comparison of the locus for the outer-membrane protein-1 (omp-1) paralogue p28 (Yu et al., 1999a; Cheng et al., 2003) . The isolates chosen for this study were representative of each of those three groups. The second issue concerned the possible spectrum of virulence among these pathogens (Paddock et al., 2001) , which indicated that standardization of experimental doses would be advisable. Initially, we addressed this matter with quantitative PCR of cryopreserved stabilates prepared for each strain. This approach allowed us to calculate copy number and adjust the dose so that each group of calves received comparable amounts of pathogen and host (DH82) cells. Third, the influence of the vertebrate immune system in determining susceptibility to experimental E. chaffeensis infection and the resulting disease was considered. Splenectomized animals have exhibited overt clinical symptoms of disease in instances of latent protozoan and bacterial infections (Ellis & Smith, 1966; Garnham, 1970) . In calves, splenectomy reduces natural resistance to disease caused by haemoparasites such as Anaplasma and Babesia species, resulting in severe disease among challenged animals which is otherwise restricted to older animals (De Kock & Quinlan, 1926; Roby et al., 1961; Jones & Brock, 1966) . Conversely, more pronounced signs have been reported for dogs that were left spleen-intact than for those that were splenectomized prior to experimental infection with Ehrlichia canis, a species that is closely related to E. chaffeensis (Harrus et al., 1998) . Therefore, similarities between the disease susceptibility of splenectomized calves and that of older cattle, coupled with epidemiological implications that age could be a risk factor for severe HME (Roland et al., 1995; Olano et al., 2003a, b; Stone et al., 2004; Demma et al., 2005) and the reportedly greater susceptibility of spleen-intact dogs to canine monocytic ehrlichiosis, compelled us to test both splenectomized and normal calves in the first experiment.
Clinical observations. Mild clinical signs were seen on occasion after inoculation (Fig. 1) . A16, a spleen-intact calf inoculated with the 91HE17 strain, exhibited a spike in body temperature (41.1 uC) at 10 d.p.i. Decreases in peripheral leukocytes were indicated for calf A16 on several different dates throughout the study, including during the fever observed at 10 d.p.i. A significant drop in body temperature was observed for A16 after 30 d.p.i. Calves A12, A13 and A14 showed drops in peripheral platelets at about 2 weeks post-inoculation. A12 first experienced a decreased platelet count on 17 d.p.i., with a nadir at 29 d.p.i. A13 and A14 had minimum values at 15 and 13 d.p.i., respectively. A17, a splenectomized control calf inoculated with non-infected DH82 cells, also experienced a decreased platelet count with a nadir at 29 d.p.i.
We did not observe evidence of exacerbation of susceptibility to infection or disease with low-dose inoculations of different E. chaffeensis strains due to splenectomy. Indeed, more pronounced signs were observed among spleen-intact hosts, which corroborated the aforementioned report of experimental E. canis infections among normal and splenectomized dogs (Harrus et al., 1998) . Some susceptibility to infection by E. chaffeensis, however, was discernible by changes in haematological features of each animal. A close comparison of haematological parameters before and after inoculation suggested these subtle changes. The fever observed for calf A16 at 10 d.p.i. was consistent with the 10 day prepatent period estimated for HME (Everett et al., 1994) , and haematological abnormalities such as decreased WBC in A16 and lowered platelet counts in A12 and A13 were also consistent with the blood picture in humans and dogs (Fishbein et al., 1994; Zhang et al., 2003) .
IFA. All calves inoculated with E. chaffeensis-infected DH82 cells tested IFA-positive for antibodies to intracellular morulae ( Table 1 ). The titres ranged from 20 (calf A11 at 7 d.p.i.) to 512 (A16 at 14 d.p.i.). Immunofluorescent host cells, but not morulae, were observed with plasma from the negative control host, A17. Neither calf inoculated with the Arkansas strain developed an IFA titre greater than 64. Only two of the remaining calves (A14 and A16) had peak antibody titres greater than 64; the spleen was intact in both of these calves.
PCR assay of peripheral blood. PCR assays of buffy coats yielded positive results for calves A13 and A16 at 25 d.p.i. Both of these calves were injected with the 91HE17 strain.
All other buffy coat samples tested during this experiment were PCR-negative.
Xenodiagnosis. Although none of the bovine buffy coats was found to be PCR-positive during the interval when nymphal ticks were acquisition-feeding, the 16S rDNAbased real-time PCR assay yielded positive results for each calf when male D. variabilis and A. americanum were tested ( Table 2) .
Inoculation of calves with active cultures of E. chaffeensis
Although signs of infection were observed in the first experiment, results were equivocal. These findings might have resulted from utilization of cryopreserved stabilates that had fewer viable organisms than would be calculated based on p28 copy numbers. The parasites might have been attenuated as a result of cryopreservation, and a potential combination of lower dose and an immunostimulatory effect of attenuated or dead parasites could have affected the clinical outcomes observed. Mindful of this possible impact in experiment 1, E. chaffeensis strains actively growing in DH82 cells were used for the second experiment. The same approach has been used in earlier infection experiments by several investigators (Dawson & Ewing, 1992 Clinical observations. Calves A33, A36 and A38, which were inoculated with Arkansas, St Vincent and 91HE17 strains, respectively, became lethargic and developed progressive muscular weakness in their hind limbs. These calves were unable to rise, became sternally recumbent, and eventually died 6-13 d.p.i. All three calves experienced similar symptoms (Fig. 2 ). A36 and A33 developed a lateral curvature in the neck a few hours before death. These clinical signs became obvious in A36 on the day of its death, 6 d.p.i. The same signs became apparent in A33 at 7 d.p.i., and that calf was euthanized as per the animal use protocol. A38 died at 13 d.p.i., after developing similar symptoms but without the lateral cervical twist. All three calves appeared reluctant to drink water but were observed eating hay while sternally recumbent.
Sharply decreased body temperatures were observed immediately prior to the deaths of calves A36, A33 and A38 (Fig. 2) . Calves A34 and A38 had fevers that peaked at 39.5 u C (4 d.p.i.) and 40.1 u C (7 d.p.i.), respectively. A36, which was injected with 91HE17, had a sharp increase in peripheral platelets at 1 d.p.i., followed by a simultaneous spike in leukocyte numbers and a sharp decline in platelets at 3 d.p.i.
The resultant morbidity and subsequent mortality among three of the host animals in this experiment was unexpected, and is of interest because, to our knowledge, this is the first report of mortality resulting from experimental infection of vertebrates with E. chaffeensis. The generalized muscular weakness and lethargy exhibited prior to death of calves A36, A33 and A38 were reminiscent of clinical features observed with severe HME (Fishbein et al., 1994; Williams et al., 2002) . Progressive ataxia leading to inability to stand has also been reported in a mature male dog with dual-species ehrlichial infection (Meinkoth et al., 1998) . At physical examination, abnormalities noted in this dog included evidence of cervical pain in addition to generalized weakness. The lateral twist of the neck in A36 and A33 suggested a manifestation of a similar response to cervical pain in these two calves. Nuchal rigidity was a clinical finding in a report involving ehrlichiosis in children (Bryant & Marshall, 2000) , which was comparable to observations made in our experimental calves. In another case report of HME, a patient had a stiff neck as one of the presenting signs upon admission to a hospital (Marty et al., 1995) .
Among calves that survived the experimental inoculation with E. chaffeensis, A37, which was inoculated with 91HE17, also experienced a drop in body temperature followed by recumbency at 16 d.p.i. However, this calf recovered after supportive therapy, without antibiotics, and remained in the study. A37 had moderate drops in peripheral platelet and WBC values that reached their lowest points at 14 and 35 d.p.i., respectively, and this calf had a fever that peaked at 39.6 u C at 25 d.p.i. A35, which was injected with the St Vincent isolate, did not have fever nor did it experience a significant reduction in body temperature. For A35, reductions in platelets and leukocytes were greatest at 17 and 23 d.p.i., respectively. A34, which was injected with the Arkansas strain, displayed a drop in platelets at 1 d.p.i. and increases in both platelets and leukocytes at 37 d.p.i.
The two calves injected with non-infected DH82 cells, A31 and A32, did not display any remarkable clinical signs. A31 had some variation in peripheral leukocyte and platelet levels, but these counts remained within 3 SD of their respective baseline means.
IFA. All calves inoculated with E. chaffeensis-infected DH82 cells seroconverted, except for A36, which died at 6 d.p.i. (Table 3 ). Calf A38, inoculated with 91HE17, had the highest titre among the calves that died (128 at 7 d.p.i.). Calf A37, which survived exposure to 91HE17, had an initial titre of 32 (7 d.p.i.) that increased later to 128. A35, which survived exposure to the St Vincent strain, developed the highest antibody titre of 512 (35 d.p.i.) . These values were lower than examples reported among experimentally infected dogs, which peaked from 1500 (Dawson & Ewing, 1992) to 16 384 (Zhang et al., 2003) , and white-tailed deer, which reached titres of~1000 (Varela et al., 2003) . Notably, IFA titres ranging from 64 to 2048 have been reported for diagnosed cases of HME (Yu et al., 1999b) . However, these comparisons should be interpreted with caution due to differences among host species, means of host exposure and IFA methods.
PCR assay of peripheral blood. In contrast to the first experiment, buffy coats prepared from all surviving calves inoculated with active cultures tested PCR-positive on multiple occasions (Table 4) . Three calves tested positive as early as 5 d.p.i., and a fourth calf (A34) first tested positive at 10 d.p.i. Buffy coats from only one of the deceased calves (A33) tested positive, which was at 3 d.p.i. Calves A34, A35 and A37 tested positive on five, seven and six different dates, respectively. The surviving calves that initially tested PCR-positive subsequently tested negative, and then all of them became positive again before the end of the experiment, which was reminiscent of cyclic rickettsaemias observed for the type species of the family Anaplasmataceae, Anaplasma marginale (Kieser et al., 1990; French et al., 1998) .
Xenodiagnosis. Although E. chaffeensis was detected in peripheral blood from all of these calves, the pathogen was detected in fewer ticks than in the first experiment, where most peripheral blood samples were PCR-negative (P,0.05, two-tailed Student's t test) (Table 5) . Although A35 had the greatest IFA titre, and blood from this calf tested PCR-positive during the nymph acquisition-feeding period, E. chaffeensis was not detected in male ticks of either species that fed as nymphs on this calf.
Xenodiagnosis, the detection of a parasite through biological amplification in a previously unexposed host, has been used for decades to diagnose other infections that are difficult to detect. Accurate detection of E. chaffeensis in DH82* A31 2D 2 NTd 2 2 2 2 2 2 2 2 2 A32 2 2 NT 2 2 2 2 2 2 2 2 2 Arkansas A33 2 + § NA|| NA NA NA NA NA NA NA NA NA A34 2 2 2 2 + + + 2 2 2 2 + St Vincent A35 2 2 + 2 2 + + + + + 2 + A36 2 2 2 NA NA NA NA NA NA NA NA NA 91HE17 A37 2 2 + + 2 2 2 + + + + 2 A38 2 2 2 2 2 NA NA NA NA NA NA NA *Control animals inoculated with uninfected DH82 cells. D2, Negative: pathogen not detected. dNT, Not tested. §+, Positive: pathogen detected. ||NA, Not applicable due to calf mortality.
Experimental infection of calves with E. chaffeensis subclinical vertebrate hosts can be a substantial challenge. This difficulty was underscored by failure to detect the pathogen in all but two buffy coat samples from calves in the first experiment. Detection of E. chaffeensis in experimentally fed ticks supported other reports of this approach to detect E. chaffeensis and E. canis (Felek et al., 2001; Unver et al., 2001; Loftis et al., 2004; Bremer et al., 2005) . Although xenodiagnosis was the most promising approach to detect E. chaffeensis in the first experiment, this procedure resulted in unexpectedly low acquisition rates among ticks fed on calves that received active cultures in the second experiment. Further work is needed to determine whether the means of vertebrate host infection can affect tick infection rates. Both A. americanum and D. variabilis acquired all three E. chaffeensis strains, confirming other reports that these species acquire this pathogen in nature (Eng et al., 1990a; Anderson et al., 1993; Ewing et al., 1995; Roland et al., 1998; Kramer et al., 1999) .
One question regards the apparently paradoxical lack of reported cases of bovine ehrlichiosis, despite their susceptibility to i.v. infection with cultured E. chaffeensis. However, if cattle at risk of exposure to E. chaffeensis are in the range of the primary vector, A. americanum, it is plausible that this range overlaps areas in the US where bovine anaplasmosis is enzootic. Chlortetracycline is often used in these areas as feed supplementation and in saltmineral blocks and mixes to promote food animal production and to control bovine anaplasmosis (Richey et al., 1977; Richey, 1981) . Thus, it is tempting to speculate that these subtherapeutic tetracycline rations may also suppress the observation of ehrlichiosis among naturally exposed livestock. Notably, medicated feed was avoided in the present study. Future studies should include evaluation of the efficacy of subtherapeutic tetracycline levels for the prevention of E. chaffeensis infection and ehrlichiosis among naturally and experimentally exposed bovine hosts.
In summary, we now have evidence that calves are susceptible to E. chaffeensis infection, and that the inoculum can influence the clinical outcome of these infections. These infections were confirmed by detection of E. chaffeensis in peripheral blood and through xenodiagnosis with ticks that acquired the pathogen as nymphs and remained infected through their moult into adults. Furthermore, the cyclic rickettsaemia observed in the second experiment suggested the establishment of an infectious cycle in these hosts. We did not observe differences directly attributable to the different E. chaffeensis strains used for this study, but experimental infections with 91HE17 appeared more consistently associated with ehrlichiosis as reported for other mammals, while the Arkansas isolate appeared to infect ticks more consistently. The higher doses of active cultures resulted in the most severe disease, suggesting that the bovine model is promising for understanding the immunity and pathogenesis associated with infection by E. chaffeensis. Further work is warranted to optimize the inoculum for this infection model and to determine whether a bovine model would be useful to evaluate factors responsible for the exacerbation of HME, as well as prophylactic and therapeutic approaches to the alleviation of life-threatening forms of this disease. 
